Introduction
============

Lung cancer is one of the most diagnosed malignancies with the highest incidence and mortality rate in the world [@B1]. Non-small cell lung cancer (NSCLC) accounts for approximately 85% of lung cancer cases and mainly includes three distant histological subtypes, i.e., lung adenocarcinoma (AC), lung squamous cell carcinoma (SqCC), and large cell carcinoma [@B2]. Etiologically, tobacco smoke is the most significant risk factor that causes lung cancer development and progression; specifically, tobacco smoke insults the airway epithelia and induces them to undergo hyperplastic and squamous cell metaplastic changes. Such changes of the airway epithelia eventually progress to low- or high-grade dysplastic lesions and malignant transformation (*in situ* carcinoma and invasive lung cancer) [@B3]-[@B5]. On the molecular level, the development of NSCLC is related to either loss of tumor suppressor genes and/or activation of oncogenes [@B6]-[@B7]; while during NSCLC progression, the epithelial-mesenchymal transition (EMT) is the beginning of the process of cancer metastasis [@B8]. Thus, further research on the molecular mechanism for lung cancer progression, especially lung SqCC, could provide a novel insight into treatment strategies.

As an epithelium-originated malignancy, lung SqCC accounts for approximately 30% of all lung cancer cases and typically occurs close to the large airways [@B9]-[@B10]. During lung SqCC progression, tumor cells gain the ability to migrate and invade into the surrounding tissues and distant organs, similar to most other human cancers [@B9]-[@B10]. EMT is an important phenomenon in cancer progression, the process of which is initiated by the disappearance of the basic structures of the epithelia, followed by epithelial cell degeneration, enhancement of migration capacity, and loss of cell polarity and tight connections [@B11]. As for the tight junction structure in the epithelia or endothelia, it is localized at the apical basal region of adjacent epithelial or endothelial membranes to provide a continuous intercellular seal and form the biological membrane at physical interfaces [@B12]. At the molecular level, there are three types of membrane proteins observed in the tight junctions: junctional adhesion molecules, occludins, and claudins (CLDNs) [@B13]. The junctional adhesion molecules are members of the immunoglobulin (Ig) superfamily; they are thought to mediate homotypic cell adhesion and to regulate monocyte transmigration [@B14]. Occludins are integral membrane proteins with four transmembrane segments [@B15]. A previous study has demonstrated that occludin-null embryonic stem cells have tight junctions with a normal structure and function, indicating that occludin may not have any important roles in the tight junctions [@B16]. In contrast, CLDNs play an important role in the EMT process; to date, there are 27 CLDN members found in the human body and more than 12 CLDN members are expressed in the lung epithelia [@B17]. The distal lung epithelial cells mainly express CLDN3 and CLDN4 [@B17]. In addition, aberrant CLDN3 expression has been associated with the development and metastasis of various human cancers, but the data are controversial; for example, CLDN3 protein is overexpressed in ovarian, breast, and prostate cancers as well as in esophageal AC [@B18]-[@B21]. In another study, the CLDN3 levels were higher in prostate cancer patients with a Gleason score of ≥8, compared to patients with benign prostatic hyperplasia (*p* = 0.012) and those with a Gleason score of 6-7 [@B22]. In lung AC, CLDN3 expression increases the malignant potential of lung AC cells, indicating that CLDN3 plays a role in epidermal growth factor receptor activation [@B23]. However, CLDN3 expression is decreased in hepatocellular carcinoma [@B24] as well as in esophageal SqCC, and loss of CLDN3 expression is associated with the presence of distant metastases [@B20]. In lung cancer, CLDN3 has been found to be increased in lung AC, but lost in lung SqCC [@B23], [@B25].

Our previous data have shown that CLDN3 protein was expressed in 67 of 103 (67%) completely resected SqCC tissues and that stage I SqCC tissues had a significantly higher CLDN3 expression than stage IIIA tissues [@B25]. Moreover, CLDN3 expression was associated with the expression of E-cadherin but inversely correlated with the expression of β-catenin and Vimentin. The reduced CLDN3 expression was significantly associated with lung SqCC advanced tumor-node-metastasis (TNM) stages, lymph node metastasis, and disease recurrence [@B25]. Therefore, the aims of this study were to analyze the differential expression of CLDN3 mRNA and protein in lung SqCC vs. the adjacent normal tissues and then to investigate the effects of CLDN3 overexpression and knockdown on the regulation of lung SqCC EMT phenotypes and gene expression as well as the underlying molecular mechanisms.

Materials and methods
=====================

Ethics statement
----------------

The protocol of this study was approved by the Research Ethics Committees of Beijing Friendship Hospital (Beijing, China) and the Cancer Institute and Hospital of Tianjin Medical University (Tianjin, China). This study was conducted in accordance with ethics standards and the Declaration of Helsinki as well as national and international guidelines. The patients provided their consent in writing before providing their residual tissue specimens for this prospective study.

Patients
--------

Patients with stage I-IIIA lung SqCC who underwent a complete tumor resection and systematic node dissection of the hilar and mediastinal lymph nodes at the Cancer Institute and Hospital of Tianjin Medical University or Beijing Friendship Hospital were entered into this study. In addition, we used a set of 20 matched pairs of lung SqCC and adjacent normal lung tissues. After patient consent, they were all enrolled into our current study and provided both tumor and adjacent normal tissue specimens that were banked after surgery. Patients receiving neo-adjuvant chemotherapy or radiation therapy, or having a second primary cancer diagnosed within 5 years, were excluded from this study. The histology of each tumor was diagnosed by two certified pathologists. The TNM stage was determined according to the International System for Staging Lung Cancer.

Cell lines and culture
----------------------

The lung SqCC H1703, H2170, SK-MES-1, and H520 cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). The H1703, H2170, and H520 cell lines were maintained in Roswell Park Memorial Institute (RPMI)-1640 medium containing 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA), and SK-MES-1 cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 containing 10% FBS.

Western blot
------------

The total cellular protein was extracted from cells and tissue specimens using a radioimmunoprecipitation assay buffer (BioRad, Hercules, CA, USA), and the concentrations of each sample were determined using the Bradford Protein Assay (BioRad). Protein samples of 50 µg each were separated by electrophoresis in 8-12% sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (Bio-Rad). Primary antibodies used to detect protein expression included anti-CLDN3 (1:1000, Abcam, Cambridge, MA, USA), anti-E-cadherin (1:500, Cell Signaling Technology, Danvers, MA, USA), anti-Vimentin (1:1000, Cell Signaling Technology), anti-β-catenin (1:1000, Cell Signaling Technology), anti-c-Myc (1:1000, Cell Signaling Technology), anti-cyclinD1 (1:1000, Cell Signaling Technology), and anti-tubulin (1:3000, Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------

The mRNA levels of CLDN3, E-cadherin, and Vimentin in cell lines as well as in 20 paired SqCC tissues and matched nontumorous tissues were analyzed using qRT-PCR. The total RNA was isolated using the Trizol Reagent (Invitrogen) and reversely transcribed into complementary DNA (cDNA) with 1 µg of total RNA using the PrimeScript RT reagent kit (Takara, Dalian, China), according to the manufacturers\' instructions. After that, 2 µg of cDNA was used as the template for qPCR amplification of different gene transcripts using SYBR Premix Ex Taq II (Takara). GAPDH was used as an internal reference. The primers used in this study were as follows: CLDN3, 5ʹ-GTCCGTCCGTCCGTCCG-3ʹ and 5ʹ-GCCCAGCACGGCCAGC-3ʹ; E-cadherin, 5ʹ-AGCCCCGCCTTATGATTCTCTG-3ʹ and 5ʹ-TGCCCCATTCGTTCAAGTAGTCAT-3ʹ; Vimentin, 5ʹ-GAGTCCACTGAGTACCGGAGAC-3ʹ and 5ʹ-TGTAGGTGGCAATCTCAATGTC-3ʹ; GAPDH, 5ʹ-GAAGGTGAAGGTCGGAGTC-3ʹ and 5ʹ-GAAGATGGTGATGGGATTTC-3ʹ. The qPCR conditions were set to 95 °C for 3 min and then 45 cycles of 95 °C for 30 s, 58 °C for 30 s, and 72 °C for 45 s. The relative mRNA level was normalized to that of the endogenous control GAPDH and calculated based on the 2^-ΔΔCt^ method. All reactions were performed in triplicate and repeated at least once.

RNA interference and transfection
---------------------------------

Lentivirus carrying short hairpin RNA (shRNA) to knockdown CLDN3 was obtained from Gene Chem Inc. (Shanghai, China). Two of three CLDN3-specific shRNA constructs (CLDN3 shRNA sequence 1, 5ʹ-ACCGCAAGGACTACGTCTA-3ʹ) and one "nonspecific target" shRNA construct (the company did not disclose the DNA sequence), used as a scrambled negative control, were transduced separately into 293T cells for 24 h in the presence of hexadimethrine bromide to improve the transduction efficiency. Next, the growth medium containing viral particles was replaced with fresh complete growth medium containing 10 µg/mL puromycin (this concentration was chosen because it was found to be the minimum amount to cause complete 293T cell death after a 5-day incubation). Next, CLDN3 knockdown was confirmed using western blot analysis of CLDN3 expression compared with that of the nontarget shRNA control cells.

CLDN3 cDNA and transfection
---------------------------

The lentivirus carrying CLDN3 cDNA (CLDN3-H520) and a negative control lentivirus (CLDN3-H520PCDH), obtained from The Beijing Genomics Institute (Beijing, China), were used to infect lung cancer cells in a 24-well plate for 24 h at a multiplicity of infection of 100, according to the manufacturer\'s instructions. Cells were incubated at 37 °C in a humidified incubator containing 5% CO~2~ overnight. To reduce cell toxicity, the transfection mixture was replaced with fresh complete growth medium 24 h later, and the cells were continuously incubated for an additional 72 h. Then, the cells were observed under a fluorescence microscope (Olympus, Tokyo, Japan) to determine the infection efficiency, and CLDN3 expression was assessed using western blot.

Tumor cell wound healing assay
------------------------------

NSCLC cells after CLDN3 cDNA or shRNA, or negative viral control infections (H520-PCDH, H520-PCDH-CLDN3, SK-MES-1-control, and SK-MES-1-shRNA) were seeded into a 6-well plate and grown overnight. On the next day, three linear wounds were created using a 20-µL pipette tip on cells reaching approximately 90% or more confluency. Cells were washed with ice-cold phosphate-buffered saline (PBS) and further cultured for 24 h in RPMI-1640 (Gibco) or DMEM-F12 (Gibco) containing 2% FBS (Gibco) in a humidified incubator containing 5% CO~2~ at 37 °C. Photographs of the wounded area were taken immediately after making the scratch (0 h time-point) and at 24 h and 48 h to monitor the wounding healing capacity of the cells. The experiments were performed in triplicate and repeated at least once. The data were summarized as the mean ± standard deviation.

Tumor cell Transwell migration assay
------------------------------------

To assess the tumor cell migration capacity, we utilized the 24-well Boyden chamber with an 8-μm pore size polycarbonate membrane (Corning, NY, USA). In brief, cells after CLDN3 cDNA or shRNA lentiviral infection were seeded into the upper chamber at a density of 1 × 10^5^ per well in 200 μL of serum-free medium, while 600 μL of growth medium containing 10% FBS was added into the lower chamber. After that, the cells were grown for 24 h. The cells that remained on the upper surface of the membrane were removed using a cotton swab, whereas the cells that migrated to the lower surface of the membrane were fixed in methanol and stained with a three-step staining set (Thermo, London, UK). The cells in ten randomly selected microscopic fields (200× magnification) of each membrane were counted. The experiments were performed in triplicate and repeated at least once. The data were summarized as the mean ± standard deviation.

Tumor cell viability 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
---------------------------------------------------------------------------------------------

Tumor cell viability after gene manipulation was assayed using the MTT assay. In particular, cells were seeded into a 24-well cell culture plate at a density of 5 × 10^4^ per well and grown overnight. On the next day, the cells were infected with CLDN3 cDNA or shRNA, or control lentivirus for 24 h. After that, the growth medium was replaced with fresh complete medium, and the cells were incubated for 1-5 days. At the end of each experiment, 10 µL of MTT (Solarbio, Beijing, China) per well at a final concentration of 0.5 mg/mL was added to the cell culture, and the cells were incubated for an additional 4 h. The medium was then replaced with 800 µL of dimethyl sulfoxide. After mixing well, the optical absorbance was measured at 490 nm using an enzyme-linked immunosorbent assay microplate reader (Bio-Rad). The relative cell viability was calculated using the following formula: relative cell viability = (mean experimental absorbance / mean control absorbance) × 100%.

Tumor cell plate colony formation assay
---------------------------------------

After cells were infected with CLDN3 cDNA or shRNA lentivirus for 24 h, they were seeded in 24-well plates at a density of 200 cells/well and grown for 10 days. The cells were then fixed in 4% paraformaldehyde for 15 min and stained with Giemsa stain for 30 min. Next, the cells were washed three times with water, and the number of visible colonies with 50 cells or more was counted. The relative colony formation ability was calculated as follows: (mean experimental colony number / inoculation number) × 100%.

Immunofluorescence staining
---------------------------

After cells were infected with CLDN3 cDNA or shRNA lentivirus for 24 h, they were seeded onto 8-well chamber slides and grown for 24 h. Next, the cells were fixed in 4% paraformaldehyde in PBS for 10 min, permeabilized in 0.5% Triton X-100 in PBS for 10 min, and then blocked in 10% normal serum in PBS for 1 h at room temperature. After that, the cells were incubated at 4 °C overnight with primary antibodies against CLDN3 (1:200, Abcam) and E-cadherin (1:200, Cell Signaling Technology), respectively. On the next day, the cells were washed with PBS three times and further incubated with Alexa 488-conjugated IgG for 1 h at room temperature. The slides were then mounted with Vectashield mounting medium containing 4ʹ,6-diamidino-2-phenylindole (DAPI) to visualize the cell nuclei (Vector Laboratories Inc., Burlingame, CA, USA), and the images were acquired at 200× magnification using a Leica SCN 400 Slide Scanner and analyzed.

Results
=======

Association of reduced CLDN3 expression with altered EMT markers in lung SqCC tissues compared with adjacent normal tissues
---------------------------------------------------------------------------------------------------------------------------

In this study, we first confirmed differential CLDN3 expression in lung SqCC vs. the paired adjacent normal tissues in 20 lung SqCC cases using qRT-PCR and western blot. The baseline characteristics of these 20 patients are shown in Table [1](#T1){ref-type="table"}. In brief, this study included 16 males and 4 females, 17 of whom had a history of tobacco smoking (85%) and 12 (60%) of whom were older than 60 years of age. The numbers of patients at tumor pathological stage T1, T2, and T3 were 4 (20%), 10 (50%), and 6 (30%), respectively; while 8 (40%) patients had pathological stage I, 6 (30%) patients had stage II, and 6 (30%) patients had stage IIIA cancer.

Our qRT-PCR analysis confirmed reduced CLDN3 expression in lung SqCC tissues compared with the adjacent normal tissues (Fig. [1](#F1){ref-type="fig"}). The western blotting data were consistent with the qRT-PCR data (Fig. [1](#F1){ref-type="fig"}). Moreover, our current data showed that CLDN3 expression was the lowest in stage IIIA SqCC tissues, compared with that of stage I and the adjacent normal tissues (Fig. [1](#F1){ref-type="fig"}).

Furthermore, our qRT-PCR data showed that a low level of CLDN3 expression was associated with a low E-cadherin level in lung SqCC tissues but a high level of Vimentin expression (*p* \< 0.001 and *p* = 0.001, respectively; Fig. [1](#F1){ref-type="fig"}). The western blot data were consistent with the qRT-PCR data (Fig. [1](#F1){ref-type="fig"}).

Effects of CLDN3 expression or knockdown on regulation of lung SqCC cell migration in vitro
-------------------------------------------------------------------------------------------

To detect the effects of CLDN3 expression on inhibition of lung SqCC cell migration *in vitro*, we first assessed the levels of CLDN3 protein in different lung SqCC cell lines, namely H520, SK-MES-1, H2170, and H1703, using western blot. We found that SK-MES-1 cells expressed the highest CLDN3 levels, but H520 cells expressed the lowest CLDN3 levels (Fig. [4](#F4){ref-type="fig"}A). Thus, we knocked down CLDN3 expression in the SK-MES-1 cell line using CLDN3 shRNA, whereas CLDN3 was overexpressed in H520 cells using CLDN3 cDNA. Our western blot data confirmed CLDN3 knockdown and overexpression in these two cell lines, respectively (Fig. [4](#F4){ref-type="fig"}B). Next, we performed tumor cell wound healing and Transwell assays. Our data showed that CLDN3-overexpressing H520 cells showed significantly reduced tumor cell wound healing and Transwell migration capacity; whereas CLDN3 shRNA-infected SK-MES-1 cells had upregulated tumor cell wound healing and Transwell migration capacity, in a time-dependent manner (Fig. [2](#F2){ref-type="fig"}). However, CLDN3 knockdown or overexpression did not affect tumor cell proliferation or colony formation *in vitro* (Fig. [3](#F3){ref-type="fig"}).

Effects of CLDN3 expression or knockdown on regulation of EMT gene expression in vitro
--------------------------------------------------------------------------------------

Both E-cadherin and Vimentin are well-established EMT biomarkers [@B18]. We found that CLDN3 overexpression in H520 cells induced an increase in E-cadherin expression but a decrease in Vimentin expression (Fig. [4](#F4){ref-type="fig"}B). In contrast, knockdown of CLDN3 expression in SK-MES-1 cells had an inverse effect on the expression of E-cadherin and Vimentin (Fig. [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). These findings indicate that CLDN3 expression was able to suppress lung SqCC cell EMT *in vitro*.

Effects of CLDN3 on inactivation of the Wnt/β-catenin signaling pathway
-----------------------------------------------------------------------

The Wnt/β-catenin pathway is the classical pathway to induce EMT and suppress E-cadherin expression [@B26]. Therefore, we assessed several key genes in the Wnt/β-catenin pathway, including β-catenin, c-Myc, and cyclinD1, in CLDN3-overexpressing or -knockdown lung SqCC cell lines, respectively. Our results showed that knockdown of CLDN3 expression upregulated the expression of c-Myc and cyclinD1 but downregulated the expression of β-catenin, indicating that the Wnt/β-catenin pathway was activated. In contrast, downregulation of CLDN3 reduced E-cadherin expression and promoted tumor cell EMT (Fig. [6](#F6){ref-type="fig"}). However, CLDN3 overexpression showed the opposite effects on the expression of these proteins (Fig. [6](#F6){ref-type="fig"}). Together with the phenotypic data presented in the previous sections, this study demonstrated that CLDN3 was able to inactivate the Wnt/β-catenin pathway, in turn suppressing lung SqCC cell EMT; whereas CLDN3 knockdown promoted activation of the Wnt/β-catenin pathway proteins and enhanced lung SqCC cell EMT.

Discussion
==========

In this study, we assessed CLDN3 expression in lung SqCC tissues and cells and then determined the effects of CLDN3 overexpression and knockdown on the regulation of lung SqCC cell EMT as well as the underlying molecular mechanisms. Our data showed the following: i). Expression of CLDN3 mRNA and protein was significantly reduced in the lung SqCC tissues compared with the adjacent normal tissues; ii). Expression of CLDN3 protein in the lung SqCC and the adjacent normal tissues was closely associated with the expression of EMT-related proteins, such as E-cadherin and Vimentin, and the same was true for the lung SqCC cell lines; iii). Overexpression of CLDN3 inhibited H520 wound healing and the Transwell migration capacity; whereas knockdown of CLDN3 expression promoted SK-MES-1 cell wound healing and the Transwell migration capacity. In contrast, manipulation of CLDN3 expression did not have any effects on tumor cell proliferation or colony formation; and iv). On the molecular level, CLDN3 was able to suppress the Wnt/β-catenin pathway gene activity, which in turn inhibited tumor cell EMT. Future studies will further investigate CLDN3 as a biomarker for the early diagnosis of lung SqCC and predicting the prognosis of patients.

CLDN3 is specifically and highly expressed in the intestine, liver, kidney, testis, lung, colon, prostate, and uterus [@B13], [@B27] and is one of the major transmembrane protein components of the tight junctions in human epithelial and endothelial cells. It provides a continuous intercellular seal between the epithelia and endothelia, forming a biological membrane at physical interfaces and regulating the paracellular transport of water, solutes, and immune cells [@B28]. Moreover, CLDN3, together with CLDN1 and CLDN5, plays an important role in airway tight junctional permeability [@B29]. Aberrant CLDN3 expression has been associated with the development and metastasis of human cancers. For example, previous studies have shown that CLDN3 expression is reduced in hepatocellular carcinoma [@B24] and in esophageal SqCC [@B20]. However, another study has reported that the CLDN expression pattern is significantly different not only between lung SqCC and lung AC but also between lung SqCC and lung AC with lepidic variants and that CLDN3 expression is higher in lung AC but not in lung SqCC [@B30]. Our previous study also showed that CLDN3 expression is significantly reduced in stage IIIA lung SqCC compared with stage I lung SqCC (42.9% vs. 76.5%) and that CLDN3 expression is an independent predictor for the overall survival of lung SqCC patients [@B25]. Indeed, our current data further support these previous studies and indicate that CLDN3 expression is organ-specific and that loss of CLDN3 expression is associated with lung SqCC development and progression.

We found that the expression of CLND3 in lung SqCC tissues was downregulated, whereas a higher expression of CLDN3 in SqCC was associated with a favorable prognosis. In contrast, Zhang *et al*. have reported that CLND3 expression in AC tissues is upregulated and that CLDN3 overexpression is associated with a poor prognosis [@B23]. Therefore, we speculated that differential CLDN3 expression in different histological types of lung cancer is related to the origin and development process of tumor cells. Lung SqCC arises from the segmental and subsegmental bronchial mucosal epithelium developed through squamous metaplasia, dysplasia, and preinvasive carcinoma stages; whereas lung AC arises from the bronchial mucosal epithelium and glandular epithelium, and the majority of them originate from smaller bronchial epithelial cells. Moreover, previous studies have shown that lung AC mainly originates from type II alveolar epithelial cells, whereas lung AC and SqCC are derived from other epithelial cell components [@B31]. CLDN3 is primarily expressed by type II alveolar epithelial cells [@B32].

Functionally, loss of CLDN3 expression downregulated the mRNA and protein levels of E-cadherin but induced the inhibitory phosphorylation of glycogen synthase kinase-3β and activation of the β-catenin signaling pathway [@B33], all of which are associated with tumor cell EMT. EMT is an important biological process during embryonic development and cancer metastasis, i.e., epithelium-derived carcinoma cells acquire the ability to migrate and invade into the surrounding tissues or organs. In other words, through EMT, tumor cells gain the ability to break through the basement membrane to invade into the surrounding tissues or to metastasize to distant organs [@B11]. Previous studies have demonstrated that tumor cell EMT is associated with invasion, metastasis, and prognosis of various cancers [@B34]-[@B36]. In lung cancer, EMT is the key point for cancer progression and metastasis [@B37]-[@B39]. For example, Zhou *et al*. have shown that aberrant expression of E-cadherin and Vimentin was associated with the lymph node metastasis of 312 stage I-IIIA NSCLC patients [@B37]. Our own study also revealed that loss of E-cadherin expression was associated with the lymph node metastasis of lung SqCC and that loss of E-cadherin expression but increased β-catenin expression was associated with lung SqCC recurrence. Other previous studies of lung SqCC cell lines have shown that the migration ability of H2170 and H1703 cells was significantly upregulated after downregulation of E-cadherin expression [@B38], [@B39]. In our current study, we found that reduced CLDN3 expression was associated with loss of E-cadherin expression in lung SqCC specimens but inversely associated with Vimentin expression, compared with the paired adjacent normal tissues. However, the migration capacity of H520 cells was restrained after upregulation of E-cadherin expression through CLDN3 overexpression, whereas the migration ability of SK-MES-1 cells was induced after downregulation of E-cadherin expression using CLDN3 shRNA transduction. Our current data were consistent with previous studies [@B38], [@B39].

In our current study, we further explored the mechanism of CLDN3 in regulating lung SqCC cell EMT. We detected the expression of Wnt pathway-related proteins, including β-catenin, c-Myc, and cyclinD1. Our data showed that CLDN3 expression could prevent lung SqCC H520 cells from migration and invasion as well as EMT progression by inhibition of Wnt pathway activation, whereas CLDN3 knockdown had the opposite effects on lung SqCC SK-MES-1 cells. Our current findings are consistent with and support the data of Jiang *et al*. on hepatocellular carcinoma [@B24]. In addition to the Wnt pathway, other mechanisms by which CLDN3 regulates EMT might be involved. For example, CLDN3 could heterotypically interact with other CLDNs, including CLDN1, CLDN2, and CLDN5 [@B40]-[@B42]. CLDN3 protein contains a C-terminal PDZ-binding motif that is reported to be required for interaction with zonula occludens (ZO)-1 and ZO-2, which belong to the membrane-associated guanylate kinase family. ZO-1 and ZO-2 tether CLDN3 into the tight junction strands by providing a bridge to cortical actin [@B43]-[@B46] (Fig. [7](#F7){ref-type="fig"}). Their interaction plays an essential role in maintaining the integrity of the tight junctions and further influences the EMT. Thus, our current study is just a proof-of-principle study, and further studies are needed to clarify how CLDN3 suppresses lung SqCC cell EMT, but not in other cancers. Overall, future studies of CLDN3 should focus on the interaction of CLDN3 with other CLDNs or other tight junction proteins as well as the organ specificity of these CLDNs. Lastly, we will further investigate the loss of CLDN3 expression as a biomarker for predicting the prognosis of lung SqCC.
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![**Reduced CLDN3 expression in lung SqCC tissues and association with the expression of EMT-related genes.** A. Western blot. Expression of CLDN3, E-cadherin, and Vimentin proteins was detected in lung SqCC and adjacent normal lung tissues from four patients. Total tissue lysates were prepared from matched frozen normal and cancer lung tissues and subjected to western blotting. Tubulin was used as a loading control. (N, adjacent normal tissue; T, tumor tissue). The results showed that CLDN3 expression was downregulated in lung SqCC tissues, compared with normal tissues, and was associated with decreased E-cadherin and increased Vimentin expression. B. qRT-PCR. The mRNA levels of CLDN3, E-cadherin, and Vimentin in 20 paired lung SqCC and adjacent normal lung samples were determined by qRT-PCR; β-actin was used as an internal control. C. Association of CLDN3 with E-cadherin protein expression (*p* \< 0.001) and CLDN3 with Vimentin protein expression (*p* \< 0.01).](ijmsv15p0339g001){#F1}

![**Effects of CLDN3 overexpression or knockdown on the regulation of lung SqCC cell wound healing and Transwell migration.** A and B. Transwell migration assay. Ectopic CLDN3 expression significantly inhibited the H520 cell Transwell migration capacity, whereas knockdown of CLDN3 expression significantly enhanced SK-MES1 cell migration. C and D. Quantified data of A and B, respectively (\*\**p* \< 0.01 using the Student\'s *t*-test). E and F. Wound healing assay. Ectopic CLDN3 expression significantly inhibited the H520 cell wound healing capacity, whereas knockdown of CLDN3 expression significantly enhanced SK-MES1 cell wound healing. G and H. Quantified data of E and F, respectively (\*\**p* \< 0.01 using the Student\'s *t*-test).](ijmsv15p0339g002){#F2}

![**Effects of CLDN3 overexpression or knockdown on the regulation of lung SqCC cell proliferation and colony formation.** A and B. Colony formation assay. Representative photographs of anchorage-dependent colonies that were stained with crystal violet. The bar graphs show that the number of cell colonies formed was not significantly different between H520-PCDH and H520-CLDN3 cells, or between SK-MES1-CON and SK-MES1-shRNA cells (*p \>* 0.05 using the Student\'s *t*-test). C. Cell viability MTT assay. CLDN3 overexpression and knockdown in H520 and SK-MES1 cells, respectively, did not have any visible effects on cell viability.](ijmsv15p0339g003){#F3}

![**Effects of CLDN3 overexpression or knockdown on the expression of EMT-related biomarkers.** A. Western blot. CLDN3 expression was detected in lung SqCC cell lines, i.e., SK-MES1 cells expressed the highest CLDN3 level, H1703 and H2170 cells expressed moderate levels of CLDN3, and H520 cells expressed the lowest level of CLDN3. B. Western blot. CLDN3 overexpression altered the expression of the EMT markers, including E-cadherin and Vimentin in H520 cells, whereas CLDN3 knockdown promoted Vimentin expression but decreased E-cadherin expression.](ijmsv15p0339g004){#F4}

![**Effects of CLDN3 overexpression or knockdown on the regulation of lung SqCC cell EMT proteins.** A. Immunofluorescence staining. Both CLDN3 and E-cadherin proteins appeared in red in H520 cells stably infected with CLDN3 cDNA or control virus. B. Immunofluorescence staining. Both CLDN3 and E-cadherin proteins appeared in red in SK-MES-1 cells stably infected with control shRNA or CLDN3 shRNA. Two representative fields are shown; the transfected cells had dramatic co-upregulation of CLDN3 and membrane E-cadherin, compared to control cells. DAPI (blue) was used to stain the nuclei of the cells shown in panels A and B.](ijmsv15p0339g005){#F5}

![**Effects of CLDN3 overexpression or knockdown on the regulation of the Wnt/β-catenin pathway activity.** A. Western blot. Lentivirus-carrying CLDN3 cDNA or control-infected H520 cells showed that CLDN3 overexpression significantly inhibited the expression of the Wnt/β-catenin pathway proteins. B. Western blot. Lentivirus-carrying CLDN3 shRNA or negative control shRNA-infected cells significantly promoted the expression of the Wnt/β-catenin pathway proteins.](ijmsv15p0339g006){#F6}

![**Illustration of CLDN3 signaling in cells.** CLDN3 is a tetraspanin transmembrane protein with both the N- and C-terminal domains oriented toward the cytoplasm. The two extracellular loop (EL) domains are shown across the cell membrane. CLDN3 combines with the PDZ-binding motif of ZO-1/ZO-2 through the "COOH-YV" sequence. CLDN3 is linked via the scaffolding ZO-1 to proteins of the cytoskeleton such as actin. ZO-1 could connect with ZO-2 through other PDZ-binding motifs.](ijmsv15p0339g007){#F7}

###### 

Patient Information

  Characteristics       N    \%
  --------------------- ---- ----
  **Age (Years)**            
  \> 60                 12   60
  ≤ 60                  8    40
  **Gender**                 
  Male                  16   80
  Female                4    20
  **Smoking history**        
  Never                 3    15
  Smoker                17   85
  **T stage**                
  T1                    4    20
  T2                    10   50
  T3                    6    30
  **N stage**                
  N0                    9    45
  N1                    5    10
  N2                    6    45
  **TNM stage**              
  I                     8    40
  II                    6    30
  IIIa                  6    30
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